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AIISTRAC’J
Battery models based on first principles have been
under clcvclopmcnt  for the last five to ten years.
More recently, the appearance of faster and more
sophisticated computational techniques, has
allowed significant advances in the field. The
usual approach consists of selecting the critical
physicochcmical  phenomena of the given system
(chemistry, mass transfer, charge transfer, etc.),
setting up the problem as a set of coLqI]cd
differential equations and obtaining numerical
solutions. ‘1’his  approach was successfully
implemented f o r  t h e  Pb-Acid s y s t e m  a n d
subsequently for the NiCd system, at the cell level,
by l’rof. Ralph White of Texas A&M lJnivcrsity.
This Ni(;d cell model  served as the basis of the
NiCd Aerospace IIattcry  model developed at JPI,
and reported at previous IIKHX  meetings.

At this time several aerospace battery models
using the same approach arc under development at
JPI,. The recent models arc based on Nil12 ancl
NiMl 1 chemistries. ‘Iihc current set of models  uses
a simplified treatment of the electrodes, this
treatment assumes planar (non porous) electrode
geometry. The resulting models have very modest
computational rcquircmcnts,  allowing them t o
operate on personal computers. Results of
performance predictions and computational
requirements for the new models arc discussed
below.

1.0 IN’I’l<[II)[JC’1 ’I[)N
Mathematical models arc being developed at the
Jet Propulsion laboratory for aerospace nickel
batteries, i.e., nickel cadmium, nickel  hydrogen
and nickel  metal hydride systems. The building
blocks for these battery models  arc the first
principle cell  models  developed at Texas A& M
lJnivcrsity  and more recently at the lJnivcrsity  of

SOUth {Carolina. Macrol]olllogcllco~ls  approach
has been adopted to describe the behavior of the
porous electrodes in these models. Various
physicochcmical  phenomena addressed in the cell
models include : I ) material balance for the
dissolved species  gcllcrated/co]]  slllllcd  by the
clcctrochcmica]  reaction and transported by
diffusion and mig~ation, 2) variations in the
electrode porosity due to differences in the molar
volume of the reactant and products, 3) changes in
the electrochemical potential in the solid phase or
in the electrolyte, 4) charge transfer kinetics, 5)
princij]lcs of conservation of charge in the
electrochemical cell, 6) effects of intercalation
and S](IW diffusion of protons into the nickel  oxide
electrode and 7) changes in the electronic
conductivity of the Ni oxide electrode during
charge /clischargc. The governing equations for the
above phenomena arc a set of coupled differential
equations. These equations arc solved for each of
the regions (positive electrode, separator and
negative electrode) with appropriate boundary and
initial conditions by numerical methods. these
methods arc the Pcntadiagona] (or Tridiagonal)
HAN] J J mcthod(x>~) or Cicar’s method of lincs(’o).

The above porous clcctrodc models arc certainly
elegant and reveal the importance of transport
limitations in the electrolyte phase. IIowcvcr,  it
sccmcd from the simulations that the mass
transfer processes in the electrolyte phase have
little effect on the clcctrodc behavior. The charge
discharge bcllavior of the Ni oxide electrode is
essentially under “kinetic” control. Additionally,
t h e  ])orous electrode models  h a v e  r a t h e r
sophisticated computational requirements.

2.() P] ,ANAR  API’ROAC1l
Since the processes occurring across the surface
film of active marlial, i.e., the changes in the
electronic conductivity and in the  p ro ton
concentration gradient across the film, and the
charge transfer kinetics at the film-covered
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regions, detcminc  the charge discharge behavior
of the Ni oxide electrode, a planar geometry with
a thin uniform surface layer of active material
should adequately represent the charge - discharge
behavior of the Ni electrode. Approximating the
porous electrode into a planar configurat ion
should lead to substantial simplification of the
mathematical operations in the model. ‘fhis
approximation is expectedly valid under normal
cell operating conditions. At high rates, however,
the transport processes in the electrolyte may not
be neglected. ‘1’hc corresponding one-dimensional
diffusion equations for the proton concentration
across the surface film is solved analytically and
incorporated into a discharge model, which also
accounts for variable electronic conductivity
across the film and charge transfer resistance at

(Ii) qt]lis  simplifiedthe film / electrolyte interface .
approach provides fairly  accura te  Jwcdietions
similar to the porous electrode models, as evident
from our comparisons of the simulations from the
simplified, planar model  and the porous model.
The planar model  requires rather modest
computat ional  needs and can be ported on a
personal computer. Additionally, it can be used as
a model test bed to implement and verify any
changes in the treatments of the clcctrochcmical
processes in the cell. Such changes, if required can
later be transported on to the detailed porous
models,
Using the above planar representation of t h e
electrodes, various models have been developed
for the Ni-based systems. in J}articular  nickcl-
cadmium and nickel-hydrogen models have been
developed at uscablc ccllfbattcry level, with the
required sub-routines, such as translator routine
and charge definition routine. The translator
routine converts the engineering level, design
related parameters such as cell  weight, volume,
capacity, void volume, quantity of electrolyte,
state of c h a r g e ,  prcchargc e tc . ,  to the
dimensionless number employed in the n~odcl(]2).
It enables the user to feed into the model all the
design parameters characteristic of the cell, the
performance of which is to be simulated. The
charge definition routine consists of a series of
charge discharge steps to simulate any power
system architecture. ‘1’hc  main features include
multiple regime definitions with multiple control
modes. Switching between regimes can be
achieved by a range of  t r iggering modes.
Examples of regimes simulated include constant or

intermittent pulse discharges, conslant  current or
constant potential (temperature compensated as
in VT) charges, or the more complicated 1,130
(Low Earth Orbit) or (3110 (Geosynchronous
Orbit) cycles.

3.0 l’lanar Model Simulations
Figure 1 shows the simulation of the constant
current discharge curves of a 50 Ah Ni-Ccl Cell
from the planar as well as the porous model
compared against the experimental data. As
evident from the figure, there is a reasonably
good ~grccment  bctwc;n  the two predictions.
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Fig. 1. Sitn nlation  of 50 All A’iCd constant cnrrent
disch a) ge.

Both the predictions, however, differ from the
experimental discharge curve, especially with
respect to the profile in the first 25 0 / 0 of
discharge. The experimental curve appears
sloping, whereas the simulations arc fairly flat.
This divergence is more prominent in the LEO
cycles, where the discharge curves becomes more
sloping during cycling (Fig.2).  This is attributed to
the o]lsct  of a new phase of active material on the
Ni clcctrodc, which is discussed later on. The
agrcc]ncnt in the simulations between the planar
and porous  models is an important consideration
for pursuing the planar approach. A more detailed
study to evaluate the planar model in comparison
to the porous model is underway, to identify the
limits within which the assumption of planar
representation is valid.
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Fig. 2. Ihperitncttta!  boilerplate data  for positiw  clcctrodc.

III order to test the mock] under more intricate
cyclic regimes, simulations have been maclc  for
IJEO cycles typical of spacecraft applications.
The cycle involves a discharge phase of 33
minutes, followccl  by charge at constant currcnl
to a spcciticcl  voltage or VI ICVC1 followed by a
switch-over 10 a lapcrcd-current mode. Fig. 3
illustrates the profiles of the voltage and current
of a Ni-112  CCII during a LEO simulation, One of
the problems cncountcrccl  with the porous moclcls
in such simulations is the instability of the models
at the point switch-over.

Simulation of the Performance of aW4i2 Cell urrdcr  LEO RegJme
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Oversltoots in voltage arc often observed, mainly
due to a constraint of the time-step for the
numerical solution. ]n t h e  p l a n a r  mocicls
contail~ing  an analytical solution for the proton
conccl]tration, sLIch overshoots are absent. In
order to further demonstrate the applicability of
this model to an application involving multiple
pulsinp,  steps, simulations have been carried out
under SIWDS (Sinmlatcd  Urban Federal Driving
Schcdulc) routine for electric vehicles as dcpictcd
in Fig, 4. As may be seen from the figure, the CCI1
voltage is stable with no undershoots or
overshoots even in such as intricate schcdulc.
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Fig.  4. Simulation of .W’lIIM CJ)Ck’.

Finally, to demonstrate lhc usc of the Planar
model as a test bcd to implement changes in the
description o f  clcctmchcmical  proccsscs, the
familiar multiple reaction schcmc of the Ni oxide
reaction has been treated by this approach to
account for the sloping discbargc  profiles in the
initial stages of discharge. It is WCII known that
the NiOO1l/Ni(O}l)z  can exist in multiple phases.
On extended ovcrchal-gc as in a spacecraft, the
stable ~-phase will transform into clectrolytc-
species-intercalated y-phase, which rcduccs  to et-
Ni(011)2 on reduction. The cxistcncc of these
multiple phases, occurring during cycling, will alter
the discharge profile, as evident from t h c
bcha~ior of spacecraft batteries and boiler plate
CC]IS in a l.l~o  regime. The above phases have
been included in the planar Ni-Cd model, thus
treating three. simultaneous proccsscs at the
positive elcctrodc, i.e., reaction of the beta and
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gamma phases and of oxygen. Assigning
marginally cliffcrcnl  values for the charge transfer
and diffusional  k ine t i c s and with different
reversible potentials, i.e., 0.44 and 0.39 V vs.
Ilg/llgO,  for the b e t a  a n d  g a m m a  p h a s e s
rcspcctivcly, wc could clcmcmslratc  the successive
rcdtlctioll/oxidat io]] of the alpha-gamma and bcta-
bcta phases, resulting in a sloping discharge curve
at high stales of charge. With this improvement,
wc have been able to sinmlatc  the changes in the
clischargc  profiles during 1,1]0 cycling (Fig.6)(]q).
Efforts arc currcnt]y underway to achieve similar
improvements in the charge process. These
improvcm.mts  will bc eventually carried over t o
the porous moclcl also.

as a test bed to implement changes and to verify
modeling of ncw proccsscs, as cicmonstrated  by the
inclusion an additional phase of Ni oxide to
improve the accu] acy of predictions,
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4.0 CONCI.{JS1ONS
Mathematical  models for  aerospace nickcl-
cadmium and nickel-hydrogen cells/batteries were
dcvclopcd based cm the assumption that  the
discharge behavior of the Ni oxide electrode is
predominantly control led by the processes
occurring at the surface film of Ni oxide such that
the transport proccsscs in the liquid phase can bc
ignored. This simplification, combined with an
analytical solution for Ihc proton concentration
across the Ni oxide film provides a mathematical
mocicl  of acceptable quality in predictions and in a
l’C-portable version. This model is fairly robust
during complicated test regimes involving rapid
current transients. Finally, this model can be used
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